A series of phytobuffering bench-scale experiments using an extraction bed followed by a plant "bio reactor" was performed using streambed sediment from a nearby Superfund site. Experiments consisted of inves tigating the fate and transport of a mixture of lower chlorinated benzenes (monochlorobenzene, (MCB), 1,2 and 1,3-dichlorobenzene (DCB), and 1,2,4-trichlorobenzene (TCB)) at 10 -20 ppm sediment loading. These compounds are representative of the degradation products of HCB (hexachlorobenzene) in the Baton Rouge Bayou and Devil's Swamp area at the Petro Processors Inc. Superfund site. Fast, slow, and cyclic flow rates were used as representa tive conditions found during rain events in the area. Willow cuttings obtained from the site were developed into small plants to measure uptake in the dynamic system. The rates of plant capture of contaminants from contami nated sediment were experimentally estimated under various flow conditions and a mathematical model for the plant uptake rate of the plant "reactor" system was developed. Estimation of the buffering effect expected in these bayou-plant systems was determined by scale up of the kinetic data using the model results. Results indicated that for both steady and transient systems, the willow trees provided a significant buffering of the contaminant flux. Rate coefficients were obtained using an unsteady state analytical model and the experimental data. Cyclic flow resulted in the highest rate coefficients followed closely by slow flow, and the fast flow resulted in the lowest of the rate coefficients. Finally, based upon the uptake rates determined, projections were made by scaling up the developed model to 20 years (current site age) and over 100 acres (contaminated area of the swamp). The lower chlorinated benzenes buffered by the willows ranged from 34 tons for slow flow, 52 tons for cyclic flow, and 102 tons for fast flow, with an average of about 63 tons of the contaminants.
INTRODUCTION
Phytoremediation is the use of vegetation for in situ treatment of metals, organics, and nutrient contaminants. A natural process is carried out by a plant's root system and rhizospheric microor ganisms to remove, degrade, transport, or contain contaminants. Plants have shown the ability to survive higher concentrations of hazardous waste than most other organisms. Also, vegetation can substantially influence the local hydraulics of a shallow aquifer, thus controlling the migration of a contaminant plume (Nyer and Gatliff, 1996) . The cost of various phytoremediation projects can vary from 10 to 50 percent of that for physical, chemical, and thermal techniques (Rock and Sayle, the Brooklawn site, the batture area lies in the floodplain of the Mississippi River. The Baton Rouge Bayou, which originates seven miles north of the site, formerly passed through the site but now passes around the sites and flows into the northern portion of Devil's Swamp.
In total, the estimated original waste disposed of at the site was 320,000 tons. This waste consisted of industrial materials and debris such as bulk rubber and polymers, empty drums, drums filled with semi-solid waste, fragments of plastic, wood, cardboard, coal fines, and metallic slag.
Contaminants encountered include hexwastes (hexachlorobutadiene and hexachlorobenzene), halogenated organic solvents (1,2-dichloroethane, tetrachloroethane, etc.), volatile aromatic hydrocarbons (benzene, toluene, etc.), and polynuclear aromatic hydrocarbons (Acar et al., 1995) .
NPC Services Inc, which was established by the responsible parties (RP) to clean up the site, after thorough investigation is pursuing hydraulic containment and recovery followed by monitored natural attenuation at the Brooklawn site and monitored natural attenuation at the Scenic Highway site. As part of this monitored natural attenuation, the contribution from phytoremediation is being studied in our research group at Louisiana State University, and this paper presents the results of a phytobuffering study using willows. The specific objectives of this study are to: (i) estimate plant capture of contaminants from contaminated sediment under various flow conditions, (ii) develop a model for phytobuffering rates of the plant "reactor" system, (iii) estimate the buffering effect expected in the bayou-plant systems using the model, and (iv) scale up the rates to representative sections of Baton Rouge Bayou/ Devil's Swamp to estimate buffer capacity of the willows.
EXPERIMENTAL PROCEDURE

Sediment
The sediment is a mixture obtained from several locations at the Brooklawn site of Petro Processors Inc. near Baton Rouge Bayou. It is a mixture of clay and sandy sediment, roughly a 50 -50 mix. Care was used to insure that the same type of sediment as in the bayou is used in the laboratory experiments so that the results from the model would be consistent with the natural system. Finally, sediment in the beds was replaced for each experiment to avoid residual effects from one experiment to another.
Chemicals
Mixtures of lower chlorinated benzenes, monochlorobenzene (MCB), 1,2 and 1,3-dichlorobenzene (DCB), and 1,2,4-trichlorobenzene (TCB)) were used in this study. All the chemicals were purchased from Aldrich Chemical Company (Milwaukee, WI.) and were used as supplied.
These compounds are representative of the degradation products of hexachlorobenzene (HCB) in the Baton Rouge Bayou area at the Petro Processors Inc. Superfund site. Some of the properties of the chemicals are presented in Table 1 .
Plants
Willows were chosen for this study due to the large numbers present in the Baton Rouge
Bayou. The research is focused on two regions within the bayou. Region 1 has willows 45 ft high and 1.67 ft diameter on average, with a tree density of three trees per 10,000 square feet; and region 2 has (on average) smaller willows (35 ft high and 1.33 ft diameter) with a higher tree density (30 per 10,000 square feet). The density of dry wood, being used here to represent the plants, is 0.43 grams/cm 3 (Simpson and TenWolde, 1999) USDA Forest Service, 2001 ).
Preparation and Contamination of the Sediment
Large debris in sediment was removed using a sieve tray (#10 Std.), after which the material was air-dried at room temperature. The sediment was run through a grinder to produce a silty mix. Approximately 750 grams were placed in a jar and saturated with distilled water (approximately 200 ml). The chlorinated benzene solution was prepared just prior to the contamination of the sediment. A pre-determined amount of the test chemical was added to 50 mL of methanol to prepare a stock solution. A measured amount of the stock is added to each jar to achieve a con tamination level of 10 -15 ppm (Jones, 2001) . The jars were placed on a tumbler for 40 hrs to uniformly distribute the contaminants. The sediment from all the jars was mixed together and placed into the sheet flow experimental beds. The extraction bed was constructed of stainless steel, as shown in Figure 1 . The length of the bed is 50 cm and the height and width are five cm. The bed was constructed to provide a flat, thin film of water flowing over a flat bed of sediment. For the duplicate runs, (two beds were run in parallel for each experiment) care was taken to insure the same amount of mixture was used. It is important that the level of sediment does not fall above or below the level of the weirs, as the water level must be maintained at 2 -3 mm thickness.
Phytobuffering Experiments
Distilled water is pumped from a reservoir to the inlet, over the inlet weir onto the sediment, clay, and latex rubber, as shown in Figure 2 . The septum is cut and enclosed around the stem of the tree. Inert clay is used to close the small gap between the tree and the septum. This entire setup was placed in a fume hood. Samples were collected from the outlet of the extraction bed (inlet to the plant reactor) and outlet of the plant reactor. Three different flows, fast (~150mL/hr), slow (~55mL/hr), and cyclical (~50-150mL/hr) were used. The different experimental run codes and test conditions are provided in Table 2 . Sampling intervals depend on the flow rates used and ranged from 3 hours to 8 hours (Jones 2001) . Samples were collected in EPA certified clear vials of 46 mL capacity (VWR Scientific, Sugar Land, Texas) and stored in the refrigerator until analyzed (usually within 24 hours).
Analysis of Test Chemicals
The chlorinated benzenes in the samples were analyzed using a an HP 5890A high resolution gas chromatograph equipped with a an HP 5971 mass spectrometer detector, and fitted with a purge-and-trap unit and auto sampler. A 30-meter capillary column, with a 0.25 -0.32 mm internal diameter and 1.0 m m film thickness was used. The injector oven temperature was between 200 and 
MODEL DEVELOPMENT
A model is developed using the mass balance around the plant reactor (Figures 1 and 2 ). The mass balance for the reactor would consist of a single source that contributes contaminants (loading from the extraction bed) and two sinks that deplete contaminants (outflow from the plant reactor and the reaction within the reactor). The reactor is stirred continuously and is assumed to be well mixed. Losses due to volatilization and photodegradation are minimized and are not considered in the model, thus the losses are limited to the two sinks mentioned above. The basic mass balance around the reactor may be expressed as: tion to the plant reactor is the effluent concentration from the extraction bed, which can be modeled by an exponential decay equation obtained from our earlier research with the sediment beds (Blad, 2001) and other references (Chapra, 1997) 2 Rearranging equation I, we obtain the governing non-homogenous first-order ordinary differential
By substitution of the inlet concentration expression (equation II) into the mass balance equa tion (equation IA) and assuming that the plant uptake is a first-order reaction, an expression for the effluent (from the plant reactor) concentration can be obtained as (Jones, 2001 ): MathCAD, is utilized to estimate the dimensionless number, K. From the estimated value of K, an assumed value for Q p and equation I, the value of k 1 is determined using the following expression: The transpiration rate (Q p ) is then estimated for different flow rates by approximating the rate coefficient (k 1 ) to zero. The expression for Q p is given by:
Using the estimated coefficients and site-specific information such as the mass of trees, flow rate, area, reaction constants obtained from the experiments, and Equations II and III developed above into MathCAD, the concentration profiles (inlet and outlet) with time were obtained. The difference in the inlet and outlet concentrations averaged over the duration of the experiment pro vided the amount of contaminant taken up by the plants. This value is then used to scale up and determine phytobuffering of the willows at the PPI Superfund site. More details of the model and the solution are explained elsewhere (Jones, 2001) . 
RESULTS AND DISCUSSION
Influent and effluent concentrations of the four chlorobenzenes (MCB, 1,2-and 1,3-DCB and 1,2,4-TCB) in the plant reactor are monitored at regular predetermined intervals. These intervals depended on the flow rate and type. All the four compounds showed very similar trends as one would expect, and graphs for only one of the four contaminants, MCB, are presented in Figures 3, 4 and 5, respectively, for fast flow (OCB-8); slow flow (OCB-10); and cyclic flow (OCB-11) with trees (refer to Table 2 for experimental parameters). The discussions made here for MCB would also be true for the other three test contaminants, 1,3-DCB, 1,2-DCB, and 1,2,4-TCB. The observed concentrations of contaminants in the inlet and outlet streams were plotted against time for all the flow conditions (the points in the graphs are actual measurements, and the lines are the esti mated values from the model and will be discussed later). Inlet concentration refers to the inlet to the plant-reactor, which would be the same as the outflow concentration from the extraction bed, and the outlet concentration is the effluent from the plant reactor system. The plots show the concentrations of the incoming and outgoing streams to and from the plant-reactor against time. The inlet concentration to the plant reactor would approximately follow exponential decay as discussed in the model development section (equation II). The outlet concentration for the plant reactor increases steadily and reaches a peak before exponentially decaying, which is the typical profile for dilution by mixing. However, due to the sampling intervals used in the study, the initial steady increase in outflow concentration is not so obvious.
For all the three flow regimes, fast, slow, and cyclic, with the willow trees, the plots for MCB (Figures 3-5) show that there is a significant difference in the inflow and outflow concentrations.
These differences cannot be explained by the minimal losses expected in these systems as extreme care was taken to minimize or eliminate all potential losses. The difference in the concentrations is however, all these are lumped in the current study under phytobuffering. The difference in concen trations of the inflow and outflow, when averaged over the duration of the experiment, would give the estimate for phytobuffering provided by the willow trees. As can be seen from these figures, the willow trees seem to provide significant buffering of the contaminants.
Two additional components of the buffering effect should also be noted here. First, the cyclic study ( Figure 5) shows that a higher degree of buffering occurs in dynamic systems as the effluent curve slopes for all compounds are significantly reduced when compared to that for fast and slow flow systems. Second, the cyclic flow results show a dampening effect when compared to previous work on cyclic flux from bed sediment performed in this laboratory (Blad, 2001) . The peaks expected in concentration are reduced significantly in the effluent when compared to the reactor influent, again attesting to the plant buffering effect. Thus, both overall concentration and peak concentrations are reduced by the influence of the plant buffering.
Results for the reactor system without any plants, performed using only one of the contaminants, MCB, and fast flow rate (PCB-1), are presented in Figure 6 . As can be seen from the plot, for the reactor without the plants, the differences in the concentration of the two streams Table 6 . Uptake of contaminants estimated using general uptake equation (Burken and Schnoor, 1998; Schnoor, 1997 Figure 6 . MCB concentration profiles (measured) for fast flow experiments without trees.
the value of K, and an assumed value of transpiration rate (Q p ), the rate coefficient (k 1 ) was determined using Equation IV. The estimated rate coefficients (k 1 ) are presented in Table 3 for MCB and the other three chlorobenzenes, 1,3-DCB, 1,2-DCB, and 1,2,4-TCB. These coefficients are used in the next section to estimate buffering capacities of the willows, as found in the contaminated area of the Devil's Swamp in the Baton Rouge Bayou. As one examines the k 1 values, it is noted that the slow flow conditions result in a rate coefficient that is about three to six times that of the fast flow condition. There does not seem to be any direct correlation between the rate coefficient and the octanol-water partition coefficient for the four chlorobenzenes used in the study. The higher buffering or uptake rates for the slow flow are attributed to the increased residence time in the plantreactor for slow flow conditions. However, it should also be noted that cyclic flow uptake rate is marginally higher than that found for the slow flow condition. This observation was also expected due to perturbation of the system from equilibrium and increased uptake, as was found in the flux cycle experiments on bed sediment performed earlier (Blad, 2001 ). Thus, while slow flow condi tions increase buffering due to increased residence time, cyclic studies indicate that dynamic system buffering is more representative of high flow than for low flow conditions.
With the rate coefficients, k 1 , for the plant uptake known (in the order of 10 -3 ), we ap proximated these coefficients to zero to simplify the transpiration rate estimation (equation V). The transpiration rates (Q p ) are presented in Table 3 . From examining the transpiration values, one will note that slow flow has a transpiration rate about five times that of fast or cyclic flow. This result may be due to increased residence times of the plant reactor for slow flow conditions, allowing the plants to uptake more material in a more stable system when compared to the dynamic and fast 
ESTIMATION OF BUFFER POTENTIAL AT THE PPI SITE
The utility of the results from this study is in the estimation of the buffer potential of the willows at the actual site (such as the two regions of the Devil's Swamp wherein the Baton Rouge Bayou flows) by scale up of the experimental results. As explained in the experimental section, region 1 has willows 45 ft high and 1.67 ft diameter with a tree density of three trees per 10,000 square feet, and region 2 has smaller willows (35 ft high and 1.33 diameter) with a higher tree density (30 per 10,000 square feet). Though the density of the trees is different in the two regions of the swamp, the total mass of trees at both regions is roughly the same, and thus we would expect similar buffer ing at both the regions. The density of the willow trees is assumed to be 0.43 g/cm 3 , as dry wood (Simpson and TenWolde, 1999; USDA, 2001) . Input and output concentrations profiles for the bayou plant systems at the site are obtained in a similar way as the experimental plant reactor system but by using site-specific parameters such as flow, mass of trees on the site, a scale up transpiration rate based upon the mass of trees, and the willow cuttings' transpiration rate. The difference in the input and output concentrations averaged over a specified period of time would then be used to estimate the buffering provided by the willows for the four test contaminants at the site. The units are converted from m g/hr to lb/year. The estimated buffering for each of the con taminants for the three flow conditions used in the study are presented in Table 4 (values in the first column for each flow). The estimated values (lbs/year) for each area were then divided by the total area of each region surveyed for willows, which totals approximately 0.517 acres. Results are reported in Table 4 as amount of contaminant buffered by the trees in lb/year/acre (the second column under each flow condition). The total of the four chlorobenzenes buffered at each area is also reported in the table for the three flow conditions. Total buffering provided by the willows for the entire contaminated area of the Devil's Swamp, which is about 100 acres (the original site was approximately the time for the material that went into the swamp after the lagoon dike failed), is estimated and presented in Table 5 . The buffering capability of the trees, as can be seen from the with an average of about 63 tons over the 20-year period, which is roughly the age of contamination in the bayou/swamp area. As stated in the introduction, about 320,000 tons of contaminants were buried at the site, and the contribution from phytobuffering for the four test contaminants, though small compared to the total, is still very high. The obvious assumption here is that the willows at the site have had the same density and mass over the 20-year period, and the contaminant conditions remained the same at the site over the same time period. However, the estimate of 63 tons of contaminant buffering through the willow trees around the Baton Rouge Bayou is very significant and may explain why little or no contaminants are found in the water column, unless some form of sediment disturbance has released the contaminants.
Results of our study are compared to those of Schnoor (1997) and Burken and Schnoor (1998) . Schnoor (1997) , in his technology evaluation report, presented the following general uptake equation for the mainly organic contaminants:
Uptake=(TSCF)(T)(C)
where: TSCF = transpiration stream concentration factor, dimensionless, which is estimated from the octanol-water partition coefficient using the relationship (Burken and Schnoor, 1998 Table 6 . Here the two regions would show different uptake as the number of trees was much higher in region 2, and thus had a much higher uptake than would be expected in region 1. Total uptake for all contaminants is 12.2 lb/year for the two areas combined. The comparable number from our study would be 105.5 lb/year for fast flow, 34.7 lb/yr for slow flow, and 54 lb/yr for cyclic flow, with an average of 65 lb/yr. When it is extrapolated to the entire contaminated area of the swamp for the age of contamination, the total uptake by the willows would be about 12 tons. It should also be noted that our model estimates provided here are pooled phytoremediation estimates rather than
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just the uptake by the plants, as is the case for general uptake equation. Also, while the equation
given by Schnoor does not take into account site specifics, flow dynamics, or experimental design, it provides a reasonable estimate. The general uptake equation results are within an order of magni tude (about five times), compared with the results from our mathematical model. We believe that the mathematical model developed here, which is based on experimental data, is a better tool to accurately determine the buffering provided by the willow trees for the system studied. The math ematical model shows higher buffering or uptake rates, compared to the general uptake equation, and thus is showing higher attenuation of the contaminants on the site.
